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7KH3K\VLFDO0HFKDQLVPIRU0HOW3XOVDWLRQ'XULQJ&ORVH&RXSOHG
$WRPL]DWLRQ
Andrew M. Mullis 
6FKRRORI&KHPLFDO	3URFHVV(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV/6-78.

Abstract 
+LJKVSHHGILOPLQJISVKDVEHHQXVHGWRVWXG\WKHSKHQRPHQRQRIPHOWSXOVDWLRQLQD
GLVFUHWH MHW KLJK SUHVVXUH JDV DWRPL]DWLRQ V\VWHP ,PDJH SURFHVVLQJ URXWLQHV KDYH EHHQ
GHYHORSHGWRGHWHUPLQHWKHYHORFLW\RIPDWHULDOZLWKLQWKHPHOWSOXPHDVLWVWUHDPVDZD\IURP
WKHPHOWGHOLYHU\QR]]OHDQGWRSDUDPHWHULVH WKHVKDSHRI WKHPHOWSOXPH7KLVGDWD LV WKHQ
FRUUHODWHGZLWKWKHYROXPHRIPDWHULDOLQWKHPHOWSOXPHZKLFKLVXVHGDVDGLDJQRVWLFIRUPHOW
SXOVDWLRQ:HILQGWKDWGXULQJSHULRGVRIORZPHOWWKHFRQVWULFWLRQLQWKHPHOWSOXPHLQZKLFK
LWVGLDPHWHULVDPLQLPXPLVVPDOOHUDQGIXUWKHUGRZQVWUHDP%RWKDSSHDUWREHFRQVLVWHQWZLWK
DWUDQVLWLRQIURPDQRSHQZDNHVWUXFWXUHGXULQJSHULRGVRIKLJKPHOWIORZWRDFORVHGZDNH
GXULQJ SHULRGV RI ORZ PHOW IORZ 0RUHRYHU WKH DYHUDJH YHORFLW\ RI PDWHULDO LQ WKH SOXPH
DSSHDUVWRGURSGXULQJSHULRGVRIORZPHOWIORZZKLFKZHDVFULEHWRLWVSDVVDJHWKURXJKWKH
0DFK GLVN :H FRQFOXGH WKDW WKHUH LV VXIILFLHQW HYLGHQFH WR DVVHUW WKDW WKH FORVHGZDNH
FRQGLWLRQVXUYLYHVWKHLQWURGXFWLRQRIDGHQVHVHFRQGIOXLGWRWKHDWRPL]HUDQGWKDWDOWHUQDWLRQ
EHWZHHQWKHRSHQDQGFORVHGZDNHFRQGLWLRQLVWKHOLNHO\FDXVHRIWKHREVHUYHGPHOWSXOVDWLRQ

.H\ZRUGV*DV$WRPL]DWLRQ0HOW3XOVDWLRQ+LJK6SHHG9LGHR2EMHFW7UDFNLQJ




,QWURGXFWLRQ
&ORVHFRXSOHG JDV DWRPL]DWLRQ LV XVHG H[WHQVLYHO\ IRU WKH SURGXFWLRQ RI SRZGHU PHWDOV LQ
SDUWLFXODUZKHUH ILQH dd PPRUKLJKO\ VSKHULFDOSDUWLFXODWHV DUH UHTXLUHG VXFKDV LQ
$GGLWLYH /D\HU 0DQXIDFWXULQJ $/0 SURFHVVHV +RZHYHU WKH SDUWLFOHV VL]H GLVWULEXWLRQ
36'RISRZGHUVSURGXFHGE\JDVDWRPL]DWLRQWHQGVWREHTXLWHEURDGW\SLFDOO\VSDQQLQJDQ
RUGHU RI PDJQLWXGH RU PRUH $QGHUVRQ DQG 7HUSVWUD  7KLV LQ WXUQ OHDGV WR KLJK
VFUDSSDJHUHPHOW UDWHV IRU DSSOLFDWLRQV WKDW UHTXLUH D QDUURZ VL]H GLVWULEXWLRQ )RU SRZGHU
SURGXFHUVVXSSO\LQJGHPDQGLQJPDUNHWVVXFKDVIRU$/0IHHGVWRFNWKHUHPHOWUDWHPD\EH
DVKLJKDVZKHUHLQVLJQLILFDQWFRVWVDYLQJFRXOGUHVXOWIURPHYHQPRGHVWLPSURYHPHQWV
LQFRQWURORIWKHSDUWLFOHVL]HGLVWULEXWLRQ7KHUHH[LVWVDVLJQLILFDQWERG\RIOLWHUDWXUHGHWDLOLQJ
YDULRXVLQVWDELOLWLHVWKDWRFFXUGXULQJFORVHFRXSOHGJDVDWRPL]DWLRQDQGKRZWKHVHPD\LPSDFW
RQWKHDSSOLFDWLRQRIVXFKSRZGHUVDV$/0IHHGVWRFNVHHHJWKHUHFHQWUHYLHZE\$QGHUVRQ
HWDO7KHFRUROODU\RIWKLVLVWKHSURVSHFWWKDWLIWKHVWDELOLW\RIWKHDWRPL]DWLRQSURFHVV
FRXOGEHLPSURYHGWKHQDVXSHULRUSRZGHUSURGXFHFRXOGEHRIIHUHG

2QHRIWKHPRVWFRPPRQVXFKLQVWDELOLWLHVLVWKDWRIPHOWSXOVDWLRQLQZKLFKWKHDPRXQWRI
PHOWLQVWDQWDQHRXVO\EHLQJGHOLYHUHGWRWKHPHOWQR]]OHYDULHVFKDRWLFDOO\:KHQKLJKPHOWLQJ
SRLQWPHWDOVDUHDWRPL]HGWKLVFDQEHREVHUYHGZLWKWKHQDNHGH\HDVDIOLFNHULQJRIWKHLQWHQVLW\
RIWKHDWRPL]DWLRQVSUD\FRQH0XOOLVHWDOHVWLPDWHGWKDWVXFKSXOVDWLRQFDQFDXVHWKH
JDVWRPHWDOUDWLR*05  g mm m  ZKHUH gm LVWKHPDVVIORZUDWHRIJDVDQG mm LVWKHPDVV
IORZUDWHRIPHWDOWRYDU\EHWZHHQNJJDVNJPHOWDQGRYHUSHULRGVV*LYHQ
WKHZHOOHVWDEOLVKHGFRUUHODWLRQVEHWZHHQPHGLDQSDUWLFOHVL]HDQGWKH*05HJ/XEDQVND
 LW LVGLIILFXOW WRHQYLVDJH WKDW ODUJH VKRUWGXUDWLRQ IOXFWXDWLRQV LQ WKHPHOW IORZUDWH
FRXOGQRWEXWHIIHFWWKHSDUWLFOHVL]HGLVWULEXWLRQ



7KHSXOVDWLRQSKHQRPHQRQZDVILUVW IRUPDOO\GHVFULEHGE\7LQJHWDO ZLWK)RXULHU
DQDO\VLVRIKLJKVSHHGILOPLQJVXEVHTXHQWO\EHLQJXVHG7LQJHWDO0XOOLVHWDO
WR FRQILUP WKDW WKH GRPLQDQW IUHTXHQFLHV SUHVHQW DUH W\SLFDOO\   +] %DVHG XSRQ WKHLU
REVHUYDWLRQV 7LQJ HW DO  SURSRVHG WKH VRFDOOHG SXOVDWLOH PRGHO VXJJHVWLQJ WKDW
SXOVDWLRQUHVXOWVIURPDFKDRWLFRVFLOODWLRQEHWZHHQWKHRSHQDQGFORVHGZDNHFRQGLWLRQV7KH
ZDNHUHJLRQRFFXUVGXHWRWKHVHSDUDWLRQRIWKHVXSHUVRQLFIORZIURPWKHPHOWQR]]OH¶VHGJH
DQGLVFKDUDFWHULVHGE\DUHFLUFXODWLQJVXEVRQLFJDVIORZ,WLVGHOLQHDWHGIURPWKHUHVWRIWKH
IORZE\DQLQWHUQDOVRQLFERXQGDU\7KHIDUHQGRIWKHZDNHUHJLRQLVGHWHUPLQHGE\WKHSRVLWLRQ
RI WKH µVWDJQDWLRQ SRLQW¶ D SRLQW RI PD[LPXP SUHVVXUH DQG PLQLPXP YHORFLW\ ZKHUH WKH
PDMRULW\RIWKHJDVHQWHUVWKHZDNHUHJLRQ7KHVWUXFWXUHVRIWKHRSHQDQGFORVHGZDNHDUH
VKRZQVFKHPDWLFDOO\LQ)LJXUH7KHVHKDYHEHHQWUDFHGWRVFDOHIURP6FKOLHUHQLPDJHVRI
RSHQDQGFORVHGZDNHIORZDVREWDLQHGE\0DWHVDQG6HWWOHV$VVXFKWKH\DFFXUDWHO\
UHSUHVHQWWKHVWUXFWXUHDQGVFDOHRIWKHSULPDU\IHDWXUHVREVHUYHGLQWKHRSHQDQGFORVHGZDNH
7KH YHU\ REYLRXV UHFLUFXODWLRQ ]RQH LPPHGLDWHO\ EHORZ WKH QR]]OH LQ WKH RSHQZDNH FDVH
DSSHDUVDEVHQWLQWKHFORVHGZDNHFDVH&)'PRGHOOLQJ0RWDPDQHWDOVXJJHVWVWKDWLQ
IDFWDUHFLUFXODWLRQ]RQHLVVWLOOSUHVHQWEXWLVPXFKUHGXFHGLQVL]H

,QJDVRQO\IORZWKHRSHQZDNHFRQGLWLRQLVVWDEOHDWORZSUHVVXUH8SRQLQFUHDVLQJWKHJDV
LQOHWSUHVVXUHWKHVWUXFWXUHRIWKHIORZILHOGJRHVWKURXJKVRPHFKDQJHV7KHLQWHUQDOVKRFNV
FDXVHGE\WKHH[SDQVLRQRIWKHLVVXLQJJDVPRYHVGRZQVWUHDP:LWKLQFUHDVLQJLQOHWSUHVVXUH
WKH\FRQWLQXHWRPRYHIXUWKHUGRZQVWUHDPVXFKWKDWWKHUHFRPSUHVVLRQVKRFNUHIOHFWHGIURP
WKHLQWHUQDOVRQLFERXQGDU\FURVVHVWKHUHVWRIWKHUHFRPSUHVVLRQVKRFNVWRIRUPD0DFKGLVN
$QGHUVRQHWDO7KHIRUPDWLRQRI WKH0DFKGLVNFXWVRII WKHZDNHUHJLRQIURPWKH
VXUURXQGLQJJDVIORZGUDPDWLFDOO\GHFUHDVLQJLWVVL]HDQGVWUHQJWK7KLVSKHQRPHQRQLVWHUPHG
µZDNHFORVXUH¶ZLWKWKHFORVHGZDNHFRQGLWLRQDOVREHLQJVWDEOHLQJDVRQO\IORZ



)LJXUH*DVIORZVWUXFWXUHVLQDWKHRSHQZDNHDQGEWKHFORVHGZDNHFRQGLWLRQGXULQJJDVDWRPLVDWLRQ
'UDZLQJVSURGXFHGWRVFDOHE\WUDFLQJ6FKOLHUHQLPDJHVDVJLYHQE\0DWHV	6HWWOHV/LQHVUHSUHVHQWWKH
ERXQGDULHVEHWZHHQOLJKWDQGGDUNUHJLRQVLQWKH6FKOLHUHQLPDJHVZLWKWKHOLQHW\SHVROLGFORVHGDVKHGGDVKHG
EHLQJLQGLFDWLYHRIWKHFRQWUDVWJUDGLHQWLQWKHLPDJH

7KH SURSRVLWLRQ PDGH E\ 7LQJ HW DO  LV WKDW D G\QDPLF EDODQFH H[LVWV EHWZHHQ WKH
PRPHQWXPRIWKHPHOWDQGWKHPRPHQWXPRIWKHDWRPL]LQJJDV,QWKHFORVHGZDNHFRQGLWLRQ
WKHKLJKEDFNSUHVVXUHFUHDWHGE\WKHVHSDUDWLRQRIWKHZDNHUHJLRQIURPWKHVXUURXQGLQJIORZ
FDXVHVWKHPHOWIORZUDWHWRVORZ+RZHYHUWKHLQWURGXFWLRQRIPHOWLQWRWKHUHFLUFXODWLRQ]RQH
DFWVDJDLQVWWKHFRPSUHVVLEOHJDVGLVWRUWLQJDQGGLVSODFLQJWKHHVWDEOLVKHGIORZIHDWXUHV$V
PHOWDFFXPXODWHVLQWKHUHFLUFXODWLRQ]RQHWKH0DFKGLVNLVGLVUXSWHG7KHV\VWHPIOLSVLQWRWKH
RSHQZDNH FRQILJXUDWLRQ FDXVLQJ D VXGGHQ GURS LQ EDFN SUHVVXUH ZLWK D FRPPHQVXUDWH
LQFUHDVHLQPHOWIORZUDWH:LWKWKHUHOHDVHRIPHOWIURPWKHUHFLUFXODWLRQ]RQHWKH0DFKGLVN
LVUHHVWDEOLVKHGDQGWKHF\FOHVWDUWVDJDLQ&RQVHTXHQWO\WKHFORVHGZDNHPD\EHFDWHJRULVHG
DVDVWDWHRIORZPHOWIORZUDWHZKLOHWKHRSHQZDNHLVDVWDWHRIKLJKPHOWIORZUDWHZLWK
SXOVDWLRQEHLQJDFKDRWLFRVFLOODWLRQEHWZHHQWKHVHWZRTXDVLVWDEOHVWDWHV

+RZHYHUWKHPRGHOLVIDUIURPXQLYHUVDOO\DFFHSWHG,QSDUWLFXODU0DWHVDQG6HWWOHVD
EKDYHDUJXHGEDVHGRQH[WHQVLYH6FKOLHUHQLPDJLQJVWXGLHVRIDWRPL]HUVLQVLQJOHDQG
WZRSKDVHIORZ WKDWZDNHFORVXUH LVQRWSRVVLEOHGXULQJ WZRSKDVHIORZ6SHFLILFDOO\ WKH\


VWDWHWKDWZDNHFORVXUHLVRIQRUHDOFRQVHTXHQFHLQDWRPL]DWLRQDVWKHFORVHGZDNHVWUXFWXUHLV
QRWSUHVHUYHGGXULQJWKHDFWXDODWRPL]DWLRQSURFHVV7KHLQWURGXFWLRQRIWKHGHQVHPHOWGLVWXUEV
WKHVKRFNZDYHVWUXFWXUHFDXVLQJWKHGLVDSSHDUDQFHRIWKH0DFKGLVNDQGWKHµRSHQLQJ¶RIWKH
ZDNH &RQVHTXHQWO\ WKH EDVLV IRU WKH SXOVDWLOH PRGHO RI 7LQJ HW DO  WKH\ DUJXH LV
LQFRUUHFW

7KHRULJLQRIWKHSXOVDWLRQSKHQRPHQRQKDVEHHQRQHRIWKHDUHDRIDWRPL]DWLRQUHVHDUFKWKDW
PRGHOOLQJXVLQJ&RPSXWDWLRQDO)OXLG'\QDPLFV&)'KDVEHHQXQDEOHWRVKHGOLJKWRQ$
QXPEHU RI &)' PRGHOV KDYH EHHQ FRQVWUXFWHG IRU YDULRXV DWRPL]HU JHRPHWULHV EXW WKH
FRPSOH[LW\RIWKHIOXLGSUREOHPKDVPHDQWWKDWVXFKVWXGLHVKDYHW\SLFDOO\EHHQUHVWULFWHGWR
JDVRQO\IORZ6XFKVWXGLHVKDYHUHSURGXFHGWKHHVVHQWLDOIHDWXUHVRI WKHRSHQDQGFORVHG
ZDNHVWUXFWXUH7LQJDQG$QGHUVRQSHUPLWWHGWKHDVSLUDWLRQHIIHFWDQGSRVLWLRQRIWKH
0DFK GLVN WR EH FKDUDFWHULVHG DV D IXQFWLRQ RI JDV SUHVVXUH ;LQPLQJ HW DO  DQG
GHPRQVWUDWHGWKDWHYHQUHODWLYHO\VPDOOFKDQJHVWRWKHFRQILJXUDWLRQRIWKHPHOWQR]]OHDQGJDV
PDQLIROGFDQOHDGWRVLJQLILFDQWFKDQJHVLQWKHSUHVVXUHUHTXLUHGIRUZDNHFORVXUH0RWDPDQ
HWDO

,QWKLVSDSHUZHSUHVHQWDVXLWHRIQHZPHWKRGVIRUDQDO\VLQJKLJKVSHHGYLGHRIRRWDJHREWDLQHG
GXULQJFORVHFRXSOHGJDVDWRPL]DWLRQ7KHWRROVDUHGHVLJQHGWRSDUDPHWHULVHWKHVKDSHRIWKH
DWRPL]DWLRQSOXPHDQGWRGHWHUPLQHWKHYHORFLW\RIPDWHULDOZLWKLQWKHSOXPH%\FRUUHODWLQJ
WKHVHPHOWSOXPHVWDWLVWLFVDJDLQVWWKHSXOVDWLRQEHKDYLRXURIWKHDWRPL]HUZHDUHDEOHWRGUDZ
FRQFOXVLRQVUHJDUGLQJWKHSK\VLFDOPHFKDQLVPUHVSRQVLEOHIRUSXOVDWLRQ





([SHULPHQWDO0HWKRGV
$WRPL]DWLRQ([SHULPHQWVDQG)LOPLQJ3URFHGXUH
*DVDWRPL]DWLRQH[SHULPHQWVZHUHSHUIRUPHGXVLQJDFORVHFRXSOHGJDVDWRPL]HUDVVXSSOLHG
E\ D FRPPHUFLDO PDQXIDFWXUHU RI ERWK UHVHDUFK DQG SURGXFWLRQ VFDOH JDV DWRPL]HUV 7KH
V\VWHPZKLFKFDQDWRPL]HNJEDWFKHVRIPDWHULDODWDWLPHLVRIWKHGLVFUHWHMHWGHVLJQLQ
ZKLFKMHWVRIPPGLDPHWHUZHUHDUUDQJHGFRQFHQWULFDOO\DURXQGDFHQWUDOPHOWGHOLYHU\
QR]]OH7KHDSH[DQJOHDWWKHIRFXVRIWKHMHWVZDV0HOWZDVIHGGRZQWKHFHQWUDOPP
GLDPHWHUERUHRIWKHQR]]OHEHIRUHZHWWLQJWKHIODWQR]]OHWLSWKHGLDPHWHURIZKLFKZDV
PP7KHDUUDQJHPHQWZKLFK LV VLPLODU WRERWK WKH86*$ $QDQGHW DO DQG$PHV
+3*$,$QGHUVRQHWDOGHVLJQVLVVKRZQVFKHPDWLFDOO\LQ)LJXUH

)LJXUH6FKHPDWLFGLDJUDPRIWKHJDVDWRPLVDWLRQQR]]OHXVHGLQWKHKLJKVSHHGILOPLQJH[SHULPHQWV

,QWKHH[SHULPHQWUHSRUWHGKHUHWKHDWRPL]HGIOXLGZDVDQ$ODW1LPHOWWKHOLTXLGXV
WHPSHUDWXUHRIZKLFKLV.$WRPL]DWLRQZDVSHUIRUPHGDW.JLYLQJD.PHOW
VXSHUKHDW ZKHUHLQ WKH DWRPL]HG PHOW SOXPH ZDV VXIILFLHQWO\ EULJKW IRU DOO ILOPLQJ WR EH
SHUIRUPHGLQWKHUDGLDQWOLJKWHPLWWHGE\WKHPHOW7KHDWRPL]LQJJDVZDV$UZLWKWKHPDQLIROG
SUHVVXUHEHLQJ03DJLYLQJDQHVWLPDWHGJDVIORZUDWHRINJV,QRUGHUWRHQVXUH
DVWHDG\IORZRIPHOWWRWKHDWRPL]HUWKHWXQGLVKVLWWLQJDERYHWKHPHOWGHOLYHU\QR]]OHZDV
SUHVVXULVHGWRN3DZLWK$UJDV7KLVLVQHFHVVDU\DVWKHDVSLUDWLRQSUHVVXUHWKHSUHVVXUHMXVW
EHORZWKHPHOWQR]]OHLQJDVRQO\IORZIRUDJDVSUHVVXUHRI03DLVVOLJKWO\N3DDERYH


DPELHQW7KDWLVWKHV\VWHPGRHVQRWQDWXUDOO\DVSLUDWHVRDVWRGUDZPHOWLQWRWKHDWRPL]HU
WKHPHOW IORZ LV IRUFHGYLDSUHVVXULVDWLRQRI WKH WXQGLVK7KLVPD\PDNH WKLVFRQILJXUDWLRQ
VXVFHSWLEOHWRVPDOOYDULDWLRQVLQWKHSUHVVXUHDWWKHPHOWQR]]OH7KHWLPHDYHUDJHGPHOWIORZ
UDWHGXULQJWKHH[SHULPHQWZDVNJVJLYLQJDQDYHUDJHJDVWRPHWDOUDWLR*05RI
NJJDVWRNJPHOW7KHXOWLPDWHdSDUWLFOHVL]HLQWKHFROOHFWHGSRZGHUZDVPP

+LJKVSHHGILOPLQJZDVSHUIRUPHGXVLQJD.RGDN(NWDSURP[+LJK6SHHG'LJLWDO0RWLRQ
$QDO\VHURSHUDWLQJDWDIUDPHUDWHRIISV7KHFDPHUDZDVILWWHGZLWKD0LFUR1LNNRU
PP]RRPOHQVDOORZLQJDPPILHOGRIYLHZDWWKHDWRPL]HUQR]]OHIURPDZRUNLQJ
GLVWDQFH RI DURXQG  P  +RZHYHU LQ SUDFWLVH WKH XVHIXO YLHZLQJ GLVWDQFH ZDV W\SLFDOO\
OLPLWHGWRPPGRZQVWUHDPRIWKHQR]]OHDVFRROLQJRIWKHPHOWSOXPHPHDQWWKDWEH\RQG
WKLVGLVWDQFHWKHSOXPHZDVWRRIDLQWWREHUHVROYHG7KLVJLYHVDVSDWLDOUHVROXWLRQRIPP
SHUSL[HO7RWDOILOPLQJWLPHZDVOLPLWHGWRVGXHWRDVWRUDJHOLPLWDWLRQVZLWKDPD[LPXP
RIIUDPHVEHLQJEXIIHUHGRQWKHFDPHUDEHIRUHILOPLQJKDGWREHVWRSSHGDQGWKHGDWD
GRZQORDGHGWRDFRQWURO3&

3UHYLRXV$QDO\VLV0HWKRGV
$VFKHPDWLFGLDJUDPLOOXVWUDWLQJWKHPDLQIHDWXUHVRI WKHPHOWSOXPHJHRPHWU\LVVKRZQLQ
)LJXUH8SRQH[LWLQJWKHPHOWQR]]OHWKHPHOWSOXPHILUVWFRQWUDFWVIRUPLQJDµWKURDW¶D
UHJLRQRIPLQLPXPGLDPHWHUORFDWHGFORVHWRWKHIRFXVRIWKHFRQYHUJLQJJDVMHWV7KHORFDWLRQ
RIWKLVWKURDWUHJLRQLVGHVLJQDWHGDVEHLQJDGLVWDQFHztGRZQVWUHDPRIWKHRXWOHWQR]]OHZLWK
DGLDPHWHUdt%H\RQGWKHWKURDWUHJLRQWKHPHOWSOXPHLQFUHDVHVLQVL]HHYHQWXDOO\UHDFKLQJD
QHDUFRQVWDQWGLDPHWHUZKLFKLVPDLQWDLQHGXQWLOWKHSOXPHIDGHVEHORZWKHGHWHFWLRQWKUHVKROG
RIWKHFDPHUD



7KLVDWRPL]HUFRQILJXUDWLRQKDVSUHYLRXVO\EHHQVWXGLHGH[WHQVLYHO\E\0XOOLVHWDO 
,Q0XOOLVHWDODQDUURZZLQGRZRIZLGWKwSL[HOVORFDWHGmSL[HOVEHORZWKH
WLSRIWKHPHOWGHOLYHU\QR]]OHZDVGHILQHG7KLVLVDOVRVKRZQLQ)LJXUH,Q0XOOLVHWDO
WKHZLGWKRIWKHZLQGRZwZDVWDNHQDVIRXUSL[HOVDQGWKHZLQGRZZDVORFDWHGDWm
 SL[HOVEHORZWKHPHOWRXWOHWQR]]OH)RUFRQVLVWHQF\WKHVHYDOXHVDUHDOVRDGRSWHGKHUH
7KHEDVLVRIWKHDQDO\VLVSUHVHQWHGLQ0XOOLVHWDOZDVWRDYHUDJHWKHRSWLFDOLQWHQVLW\
RYHUWKHSL[HOVVDPSOHGLQWKHZLQGRZDQGXVHWKLVDYHUDJHRSWLFDOLQWHQVLW\ n
mI DVDSUR[\
IRUWKHDPRXQWRIPHOWLQVWDQWDQHRXVO\IORZLQJIURPWKHQR]]OH+HUHZKHUHnODEHOVWKHIUDPH
IURPZKLFKWKHGDWDZDVH[WUDFWHGDQGmODEHOVWKHSRVLWLRQRQWKHzD[LVZKHUHWKHVDPSOLQJ
ZLQGRZZDVORFDWHG7KHDVVRFLDWLRQRIPHOWIORZZLWKRSWLFDOLQWHQVLW\ZLOOEHDSSUR[LPDWHO\
YDOLGSURYLGHGWKDWLWKHPHOWXQGHUJRHVPLQLPXPFRROLQJSULRUWREHLQJVDPSOHGLLWKH
PHOWXQGHUJRHVUHODWLYHO\XQLIRUPEUHDNXSSULRUWREHLQJVDPSOHGLLLWKHUHLVQRVDWXUDWLRQ
RIWKHSL[HOVEHLQJVDPSOHG$VVXPSWLRQVL	LLDUHPHWE\KDYLQJWKHVDPSOLQJZLQGRZ
YHU\FORVHWRWKHPHOWRXWOHWQR]]OHWKHYDOLGLW\RIDVVXPSWLRQLLLZLOOEHFRQILUPHGEHORZ
0RUHRYHU ZH FODLP RQO\ D JHQHUDO FRUUHODWLRQ EHWZHHQ WKH YROXPH RI PHOW EHLQJ
LQVWDQWDQHRXVO\GHOLYHUHGWRWKHPHOWQR]]OHDQGWKHPHDVXUHGRSWLFDOLQWHQVLW\LHWKDWORZ
EULJKWQHVVHTXDWHVWRORZIORZUDWHDQGKLJKEULJKWQHVVWRKLJKIORZUDWH,QSDUWLFXODULWLV
XQOLNHO\ WKDW WKHUH LV D OLQHDU UHODWLRQVKLS EHWZHHQ RSWLFDO LQWHQVLW\ DQG PHOW IORZUDWH
+RZHYHU ZH DUH XQDEOH WR PHDVXUH WKH WLPH UHVROYHG PHOW IORZUDWH WR HVWDEOLVK WKLV
UHODWLRQVKLSPRUHGHILQLWLYHO\



)LJXUH6FKHPDWLFGLDJUDPRI WKHPHOWSOXPHJHRPHWU\VKRZLQJ WKH WKURDW UHJLRQRIGLDPHWHUdt ORFDWHGD
GLVWDQFHztEHORZWKHPHOWQR]]OH)RUWKHDQDO\VLVGHVFULEHGLQ6HFWLRQWKHPHOW LQWKHZDNHUHJLRQLVWKH
UHJLRQVKRZQVKDGHGEHWZHHQWKHPHOWQR]]OHDQGWKHWKURDW$OVRVKRZQVDPSOLQJZLQGRZwSL[HOVZLGHORFDWHG
mSL[HOVEHORZWKHQR]]OHRXWOHW

7KHDQDO\VLVRI0XOOLVHWDOXQDPELJXRXVO\GHPRQVWUDWHGWZRLPSRUWDQWFKDUDFWHULVWLFV
RIWKHPHOWIORZGXULQJJDVDWRPL]DWLRQ7KHILUVWZDVDUHODWLYHO\KLJKIUHTXHQF\+]
LQVWDELOLW\ZKLFKDSSHDUHGWREHGXHWRSUHFHVVLRQRIWKHPHOW7KLVZDVDSSDUHQWDVDUHJXODU
OHIWULJKWVZLQJLQJPRWLRQRIWKHPHOWSOXPHLQWKH'LPDJLQJSODQH)LJXUHLOOXVWUDWHVWKLV
E\VKRZLQJWZRIUDPHVIURPWKHKLJKVSHHGPRYLHZLWKWKHPHOWSOXPHDGLVSODFHGWRWKH
OHIW DVYLHZHGDQG EGLVSODFHG WR WKH ULJKW DVYLHZHG7KH WRWDO WLPHEHWZHHQ WKH LPDJHV
VKRZQLQ)LJXUHDDQG)LJXUHEZDVVWKLVEHLQJFRQVLVWHQWZLWKWKH+]IUHTXHQF\
IRU D IXOO OHIWULJKWOHIW F\FOH WR EH FRPSOHWHG 7KLV W\SH RI LQVWDELOLW\KDG SUHYLRXVO\ EHHQ
REVHUYHGE\$QGHUVRQHWDOZKRDVFULEHGLWWRLQFRPSOHWHZHWWLQJRIWKHQR]]OHWLSE\
WKHPHOW DQREVHUYDWLRQVXEVHTXHQWO\FRQILUPHGE\GLUHFWREVHUYDWLRQRI WKHPHOW ILODPHQW
XVLQJXOWUDKLJKVSHHGLPDJLQJZLWKDQVSXOVHGODVHU0XOOLVHWDO



)LJXUH  )UDPHV D  DQG E  IURP WKH KLJKVSHHG ILOPLQJ RI WKH DWRPLVDWLRQ SURFHVV VKRZLQJ
SUHFHVVLRQDOPRWLRQRIWKHPHOWSOXPHDVDOHIWULJKWVZLQJLQJRIWKHSOXPH7LPHEHWZHHQWKHIUDPHVLVV
5HGOLQHLQGLFDWHVFHQWUHRIWKHPHOWQR]]OHZKLFKPD\QRWFRLQFLGHZLWKWKHFHQWUHRIWKHLPDJHIUDPH

7KHVHFRQGZDVDFKDRWLFSXOVDWLRQLQWKHPHOWYROXPHEHLQJLQVWDQWDQHRXVO\GLVFKDUJHGIURP
WKHQR]]OH7\SLFDOO\PRVWRIWKHVSHFWUDOSRZHUZDVUHVWULFWHGWRWKHIUHTXHQF\UDQJH+]
EXWXQOLNHWKHSUHFHVVLRQDOLQVWDELOLW\WKHUHZDVQRRQHVLQJOHGRPLQDQWIUHTXHQF\)LJXUH
VKRZVWKHRSWLFDOLQWHQVLW\VFDOHDYHUDJHGRYHUDZLQGRZORFDWHGDWm LHSL[HOV
PPEHORZWKHPHOWGHOLYHU\WLS

7KHVXSHULPSRVHGSUHFHVVLRQDOPRWLRQGRHVKDYHDPLQRUHIIHFWRQWKHPHDVXUHGEULJKWQHVVDV
WKHPHOWSOXPHVZLQJVWRZDUGVDQGDZD\IURPWKHFDPHUD,WLVVKRZQLQ0XOOLVHWDO
WKDWWKLVWDNHVWKHIRUPRIDORZDPSOLWXGHRVFLOODWLRQVXSHULPSRVHGXSRQWKHPDLQSXOVDWLRQ
WUHQG+RZHYHUGXHWR WKHYHU\UHJXODUQDWXUHRI WKHSUHFHVVLRQDOPRWLRQDW+]WKLV LV
HDVLO\ILOWHUHGRXW+HUHZHKDYHXVHGDGLJLWDOORZSDVVILOWHUWRVPRRWKWKHUHVXOWLQJWLPH
VHULHVGDWDDQGUHPRYHWKHKLJKIUHTXHQF\VLJQDWXUHRIWKHSUHFHVVLRQDOPRWLRQRIWKHPHOW
7KLVLVDQLQILQLWHLPSXOVHUHVSRQVHILOWHURIWKH%XWWHUZRUWKW\SHZLWKDSDVVEDQGRIf+]


DQGDG%FXWRIIRIf!+])XUWKHUGHWDLOVRIWKHILOWHUGHVLJQDQGDSSOLFDWLRQDUHJLYHQ
LQ0XOOLVHWDO


)LJXUH0HDQJUH\OHYHOGHWHUPLQHGZLWKLQDVDPSOLQJZLQGRZSL[HOVZLGHVLWXDWHGSL[HOVEHORZWKHQR]]OH
RXWOHW'DWDLVGHWHUPLQHGIURPHDFKRIWKHIUDPHVLQWXUQDQGSUHVHQWHGKHUHDVDWLPHVHULHV9HUWLFDOJUH\
EDQGVGHOLQHDWHUHJLRQVRIORZUHFRUGHGJUH\OHYHOFRUUHVSRQGLQJWRORZPHOWIORZ'RWWHGOLQHLQGLFDWHVWKHPHDQ
JUH\OHYHOFLUFOHVLQGLFDWHWKHPD[LPXPDQGPLQLPXPLQWHQVLWLHVZLWKWKHLUDVVRFLDWHGIUDPHQXPEHUDQGRQH
IUDPHUHSUHVHQWDWLYHRIWKHPHDQJUH\OHYHO

7KHUHVXOWVVKRZDYHU\VLJQLILFDQWYDULDWLRQLQWKHDPRXQWRIPDWHULDOLQVWDQWDQHRXVO\DWWKH
PHOWQR]]OH7KHPHDQEULJKWQHVVRYHUWKHVRIUHFRUGLQJZDVRQDLQWHQVLW\
VFDOHZLWKDVWDQGDUGGHYLDWLRQRI$IHDWXUHRISDUWLFXODULQWHUHVWDVQRWHGE\0XOOLVHW
DODUHWKHSHULRGVGXULQJZKLFKIORZEHFRPHVYHU\ORZLQVRPHFDVHVDOPRVWVKXWWLQJ
RIIFRPSOHWHO\7KHPRVWREYLRXVORZIORZSHULRGVDUHLQGLFDWHGRQWKH)LJXUHE\WKHUHJLRQV
VKDGHGOLJKWJUH\7KHPHDQLQWHQVLW\ZLWKLQWKHVHUHJLRQVLVDURXQGKDOIWKHDYHUDJH
JOREDODYHUDJH%\ZD\RIFRPSDULVRQWKHPHDQEULJKWQHVVPHDVXUHGRXWVLGHRIWKHVHUHJLRQV
LV



7RLOOXVWUDWHZKDWWKLVPHDQVGXULQJILOPLQJ)LJXUHVKRZVWKUHHIUDPHVIURPWKHKLJKVSHHG
YLGHR)LJXUHDLVIUDPHZKLFKKDVWKHKLJKHVWPHDQLQWHQVLW\LQ)LJXUH$VDQDVLGH
ZHQRWHWKDWHYHQLQWKLVIUDPHWKHPD[LPXPJUH\VFDOHYDOXHRIDQ\SL[HOZLWKLQWKHLPDJHLV
VFDOH+HQFHZHDVVHUWZLWKFRQILGHQFHWKDWSL[HOVDWXUDWLRQLVQRWDQLVVXHLQWKLV
DQDO\VLV&RQYHUVHO\LQ)LJXUHEZHVKRZIUDPHZKLFKLVLGHQWLILHGDVKDYLQJWKH
ORZHVWPHDQ LQWHQVLW\ LQ)LJXUH)LQDOO\E\ZD\RIFRPSDULVRQ)LJXUHF VKRZVIUDPH
ZKLFKKDVDPHDQ LQWHQVLW\RIFORVH WR WKHJOREDOPHDQYDOXHREWDLQHG IURP
)LJXUH)URP)LJXUHWKHH[WHQWWRZKLFKWKHIORZRIPHOWLVDOPRVWVKXWRIIGXULQJSHULRGV
RIORZIORZLVFOHDUDQGZHFRQVLGHULWXQOLNHO\WKDWYDULDWLRQVRIVXFKPDJQLWXGHFRXOGKDYHD
FDXVHRWKHUWKDQFRPPHQVXUDWHYDULDWLRQLQWKHPHOWIORZUDWH


)LJXUH7KUHHIUDPHVIURPWKHKLJKVSHHGPRYLHDIUDPHWKHEULJKWHVWLQWKHVHWEIUDPHWKH
GDUNHVWLQWKHVHWDQGFIUDPHZKLFKLVUHSUHVHQWDWLYHRIWKHWLPHDYHUDJHGPHDQJUH\OHYHO([SRVXUH
VHWWLQJVDUHLGHQWLFDOIRUDOOWKUHHLPDJHV7KHVXSHULPSRVHGSUHFHVVLRQDOPRWLRQLVHYLGHQWZLWKDEHLQJDOPRVW
FHQWUDOEEHLQJGLVSODFHGWRWKHULJKWDVYLHZHGDQGFEHLQJGLVSODFHGWRWKHOHIW

7KLV OHYHORISXOVDWLRQ LVTXLWH H[WUHPHDQGPD\EH D FRQVHTXHQFHRI WKHGLVFUHWH MHW W\SH
DUUDQJHPHQWXVHGRQWKLVDWRPL]HU6SHFLILFDOO\EHFDXVHWKHGLVFUHWH MHWGHVLJQUHGXFHVJDV


FRQVXPSWLRQLWLVIHDVLEOHWRUXQVXFKDWRPL]HUVDWKLJKHUSUHVVXUHWKDQFRQYHQWLRQDODQQXODU
VOLW W\SHGHVLJQVZKHUHLQ WKHKLJKHURSHUDWLQJSUHVVXUHPD\ LQGXFHPRUH VHYHUHSXOVDWLRQ
1RQHWKHOHVVJLYHQWKHLQWHUHVWLQGLVFUHWHMHWW\SHGHVLJQVIRUWKHHFRQRPLFDOSURGXFWLRQRI
XOWUDILQH SRZGHUV $QGHUVRQ 	 7HUSVWUD  DQG WKLV EHLQJ D FRPPHUFLDO DWRPL]H ZH
FRQVLGHUWKLVWREHDQLQWHUHVWLQJGHVLJQWRLQYHVWLJDWH

+RZHYHURXUFRQWHQWLRQKHUHLVWKDWVXFKKLJKVSHHGYLGHRFRQWDLQVDPXFKULFKHUGDWDVHWDQG
WKDWWKLVFDQEHXVHGQRWRQO\WRGHPRQVWUDWHDWRPL]HUSXOVDWLRQEXWWRHOXFLGDWHWKHSK\VLFDO
SURFHVVHVJLYLQJULVHWRWKDWSXOVDWLRQ+HUHZHIRFXVRQWZRFKDUDFWHULVWLFVRIWKHSOXPHWKH
YHORFLW\RIPDWHULDOFRQWDLQHGZLWKLQLWDQGWKHJHRPHWU\RILWVRXWHUHQYHORSH

0HOW3OXPH9HORFLW\
%DVHGRQ LGHQWLI\LQJDSDUWLFXODUO\GLVWLQFWLYHIHDWXUHZLWKLQWKHPHOWSOXPHDQG WUDFLQJ LWV
SURJUHVV DFURVV VHYHUDO FRQVHFXWLYH IUDPHV 0XOOLV HW DO  ZHUH DEOH WR HVWLPDWH WKH
YHORFLW\RIWKHPHOWZLWKLQWKHSOXPH7KH\JDYHWKLVDVDSSUR[LPDWHO\PV+RZHYHUWKLV
ZDVEDVHGXSRQDVLQJOHVSDWLDOORFDWLRQDQGDJLYHQLQVWDQWLQWLPH,QSULQFLSOHVXFKDSURFHVV
FRXOGEHIRUPDOLVHGDQGDXWRPDWHGVRDVWRGHWHUPLQHWKHYHORFLW\RIPDWHULDOZLWKLQWKHSOXPH
ZLWKERWKVSDWLDODQGWHPSRUDOUHVROXWLRQ

$Q H[WHQVLYH OLWHUDWXUH KDV EXLOW XS LQ WKH ILHOG RI FRPSXWHU YLVLRQ ZKLFK UHODWHV WR VXFK
SUREOHPVQDPHO\KRZGRZHWUDFNREMHFWVDVWKH\PRYHDFURVVFRQVHFXWLYHIUDPHVZLWKLQD
PRYLHVHTXHQFH7KHDSSURDFKHVDGRSWHGZLWKLQWKHFRPSXWHUYLVLRQOLWHUDWXUHPD\EHFODVVHG
DVDGRSWLQJHLWKHUD)RXULHUHJ(MLULDQG+DPDGDRUQRQ)RXULHUHJ0DODYLNDDQG
3RRUQLPDDSSURDFK+RZHYHULQERWKFDVHVZHGHVFULEHWKHFRPSXWHUYLVLRQDSSURDFK
DVEHLQJGHWHUPLQLVWLFLQWKDWWKHDOJRULWKPDWWHPSWVWRDFFXUDWHO\WUDFNIHDWXUHVEHWKH\FDUV


KXPDQ IDFHV RU PDQXIDFWXUHG SDUWV RQ D SURGXFWLRQ OLQH ZKLFK FKDQJH WKHLU DSSHDUDQFH
UHODWLYHO\OLWWOHEHWZHHQFRQVHFXWLYHIUDPHV,QIDFWWKLVLVOLNHO\WREHDSRRUDVVXPSWLRQIRU
IHDWXUHVZLWKLQDQDWRPL]DWLRQSOXPHIRUDQXPEHURIUHDVRQV
 $VDFRQVHTXHQFHRIWKHVSDWLDOH[SDQVLRQRIWKHSOXPHIHDWXUHVREVHUYHGFORVHWRWKH
PHOWQR]]OHZLOOEHFRPHPRUHGLIIXVHDVWKH\SURJUHVVGRZQVWUHDP
 7KHEULJKWQHVVRIIHDWXUHVZLWKLQWKHSOXPHZLOOGHFUHDVHFRQWLQXRXVO\ZLWKGLVWDQFH
GRZQVWUHDPGXHWRFRROLQJRIWKHPHOWLQWKHPXFKFROGHUJDVVWUHDP
 ,WLVOLNHO\WKDWWKHUHZLOOEHGLIIHUHQWLDOYHORFLWLHVSUHVHQWZLWKLQWKHSOXPHPHDQLQJ
WKDWIHDWXUHVWKDWZHUHFRORFDWHGQHDUWKHQR]]OHRXWOHWPD\QRWUHPDLQVRDVWKH\WUDYHO
GRZQVWUHDP
 :HDUHSURMHFWLQJDGLPHQVLRQDOVSUD\SOXPHRQWRDGLPHQVLRQDOLPDJLQJSODQH
ZKHUHLQIHDWXUHVPD\EHREVFXUHGDVWKH\FURVVLQIURQWRIRUEHKLQGHDFKRWKHU
 )HDWXUHVZLWKLQWKHSOXPHZKLFKDUHW\SLFDOO\DJJUHJDWHVRIFRPRYLQJSDUWLFOHVPD\
PHUJHZLWKRWKHUIHDWXUHVRUIUDJPHQW
&RQVHTXHQWO\WUDGLWLRQDOFRPSXWHUYLVLRQDOJRULWKPVVWUXJJOHWRUHOLDEO\GHWHUPLQHDQGWUDFN
IHDWXUHVZLWKLQDQDWRPL]DWLRQVSUD\SOXPH

)RUWKHUHDVRQVRXWOLQHGDERYHZHKDYHDGRSWHGKHUHDPRUHVWDWLVWLFDOO\EDVHGDSSURDFKEDVHG
RQWKHFURVVFRUUHODWLRQRIDQLPDJHSDLU6LPLODU WHFKQLTXHVDUHGHVFULEHGE\7RNXPDUX	
'LPRWDNLVDQGE\'XNHHWDOZKRXVHGWKHWHFKQLTXHWRVWXG\WKHEUHDNXSRI
DQDQQXODUOLTXLGVKHHW7RLOOXVWUDWHWKHSULQFLSOHFRQVLGHUWKHLGHDOLVHGFDVHLQZKLFKDVHWRI
ZHOO GHILQHG GLVFUHWH IHDWXUHV DUH IRUPHG DW WKH QR]]OH WLS DQG WKHQ PRYH GRZQVWUHDP DW
FRQVWDQWYHORFLW\DQGLQDVKDSHSUHVHUYLQJPDQQHU$WVRPHLQVWDQWLQWLPHFRUUHVSRQGLQJWR
IUDPHnZHZLOOKDYHDSL[HOSURILOH n
mI ZKLFKZLOOFRUUHVSRQGWRWKHVHWRIIHDWXUHDVWKH\SDVV
SL[HOURZm6RPHWLPHODWHUDWIUDPHniWKHVHIHDWXUHVZLOOKDYHPRYHGGRZQVWUHDPE\j


SL[HOVVXFKWKDWSL[HOYHFWRU n im jI  ZLOOEHLGHQWLFDOWR nmI ,QWKLVFDVHWKHFRUUHODWLRQFRHIILFLHQW
EHWZHHQ n
mI DQG n im jI  ZLOOEH2IFRXUVHWKHVLWXDWLRQZHKDYHGHVFULEHGLVIDUIURPWKHUHDOLW\
RI DQ DWRPL]DWLRQSOXPH1RWZLWKVWDQGLQJ WKLVZH FRQMHFWXUH WKDW LIZH WDNH i VXIILFLHQWO\
VPDOOZHFDQLGHQWLI\WKHjVXFKWKDW nm jI  FRUUHVSRQGVWRWKHVDPHVHWRIIHDWXUHVDVUHSUHVHQW
E\ n
mI DWWKHHDUOLHUWLPH7RGRWKLVZHFDOFXODWHWKHFURVVFRUUHODWLRQEHWZHHQ nmI DQGDOO nm jI  
IRU  d j d J VHDUFKLQJ IRU WKH PD[LPXP FRUUHODWLRQ EHWZHHQ WKH WZR YHFWRUV $W WKH j
FRUUHVSRQGLQJ WR WKH PD[LPXP FRUUHODWLRQ ZH DVVXPH WKDW ZH KDYH WUDFNHG WKH IHDWXUHV
EHWZHHQFRQVHFXWLYHIUDPHVDQGFDQDVVLJQDQDYHUDJHGLVSODFHPHQWEHWZHHQIUDPHV.QRZLQJ
WKHWLPHEDVHEHWZHHQIUDPHVWKLVPD\EHFRQYHUWHGWRDQDYHUDJHYHORFLW\IRUDOOIHDWXUHVLQ
WKDWKRUL]RQWDOSL[HOURZ0RUHRYHUWKHYDOXHRIWKHPD[LPDOFRUUHODWLRQFRHIILFLHQWFDQEH
XVHGWRGHWHUPLQHWKHOHYHORIFRQILGHQFHZLWKZKLFKWKHDVVLJQPHQWRIWKHGLVSODFHPHQWLV
PDGH+HUHJLVWKHPD[LPXPQXPEHURISL[HOVGRZQVWUHDPZKLFKLVVHDUFKHGIRUDPDWFK
7KHDSSURSULDWHYDOXHRIJLVGHWHUPLQHGE\WULDODQGHUURUDOWKRXJKWKHUHVXOWVDUHLQVHQVLWLYH
WRWKHYDOXHFKRVHQSURYLGHGJLVVXIILFLHQWO\ODUJH+HUHZHKDYHWHUPLQDWHGWKHVHDUFKZKHQ
J RUZKHQWKHSOXPHEHFRPHVWRRIDLQWIRUWKHIHDWXUHVWREHUHVROYHG

8VLQJ WKH SURFHGXUH RXWOLQHG DERYH WKH WLPH UHVROYHG YHORFLW\ RI WKH SOXPH DW D JLYHQ
KRUL]RQWDOOHYHOFDQEHGHWHUPLQHGE\VFDQQLQJWKRXJKnZKLOVWNHHSLQJmIL[HG&RQYHUVHO\
DVSDWLDOO\UHVROYHGYHORFLW\SURILOHPRYLQJGRZQVWUHDPWKURXJKWKHSOXPHFDQEHREWDLQHGE\
IL[LQJnDQGVFDQQLQJWKURXJKm*HQHUDOO\DJRRGPDWFKFDQEHIRXQGEHWZHHQ n
mI DQGDQ
DSSURSULDWH nm jI  ,QWKHFDVHm LHWKHLQLWLDOVDPSOLQJZLQGRZLVSL[HOVRUPP
EHORZWKHQR]]OHRXWOHW WKHYDOXHRI WKHPD[LPXPFRUUHODWLRQFRHIILFLHQWLHDW WKHSRLQW
ZKHUH n
mI DQG nm jI  DUHGHHPHGWRPDWFKVRWKDWDYHORFLW\FDQEHGHWHUPLQHGDYHUDJHGRYHU
DOOIUDPHVZDVZLWKDVWDQGDUGGHYLDWLRQRI)XUWKHUGRZQVWUHDPWKH


PHDQVWDQGDUGGHYLDWLRQDUHDWm PPEHORZWKHQR]]OHRXWOHWDQG
DWm PPEHORZWKHQR]]OHRXWOHW)RUFRPSDULVRQWKHVWDWLVWLFDOO\
VLJQLILFDQWYDOXHEDVHGRQDRQHWDLOHGWWHVWZLWKDQXPEHURIGHJUHHVRIIUHHGRPHTXDOWRWKH
VL]HRI WKHIYHFWRU± LVDW WKHVLJQLILFDQFH OHYHO)URPWKLVZHFRQFOXGH WKDW
SURYLGHGiLVVPDOODQGKHUHZHRQO\FRQVLGHUWKHFDVHRIi LHGt VWKHDOJRULWKP
IRUYHORFLW\GHWHUPLQDWLRQDSSHDUVUREXVW

3OXPH(QYHORSH*HRPHWU\
7KH YHORFLW\ RI WKH PDWHULDO EHLQJ WUDQVSRUWHG LQ WKH SOXPH LV QRW KRZHYHU WKH RQO\
LQIRUPDWLRQWKDWPD\EHH[WUDFWHGIURPWKHKLJKVSHHGYLGHRVHTXHQFH7KHJHRPHWU\RIWKH
SOXPHHQYHORSHPD\DOVREHGHWHUPLQHGDQGSDUDPHWHUL]HGZLWKWKHLQIRUPDWLRQWKXVREWDLQHG
EHLQJ XVHG WR KHOS HOXFLGDWH WKH SK\VLFDO SURFHVVHV JLYLQJ ULVH WR DWRPL]HU SXOVDWLRQ 7KH
SURFHVV LV UHODWLYHO\VWUDLJKWIRUZDUG)LUVWD WKUHVKROG LQWHQVLW\ OHYHOIthr LV VHWIthrPD\EH
HLWKHUDQDEVROXWHJUH\OHYHOHJLQWHQVLW\ RQWKHVFDOHRXWSXWRIWKHFDPHUDZKLFK
LVDSSOLHGWRDOOIUDPHVRULWPD\EHDUHODWLYHOHYHOREWDLQHGRQDIUDPHE\IUDPHEDVLV,QWKH
ODWWHUFDVHWKHPD[LPXPDQGPLQLPXPLQWHQVLW\OHYHOVImaxDQGIminZLWKLQHDFKIUDPHDUH
GHWHUPLQHGDQGIthrVHWIRUWKHIUDPHLQTXHVWLRQDFFRUGLQJWR
 thr min max minI I I IO    
ZKHUHdOdLVFRQVWDQWDQG(TXDOORZVIRUVRPHIUDPHVKDYLQJDQRQ]HUREDFNJURXQG
JUH\OHYHO,QJHQHUDOEHFDXVHWKHYROXPHRIPHOWGLVFKDUJHGE\WKHDWRPL]HUYDULHVLQWLPH
WKXVOHDGLQJWRVLJQLILFDQWYDULDWLRQVLQWKHPD[LPXPLQWHQVLW\EHWZHHQIUDPHVWKHUHODWLYH
DSSURDFKWRVHWWLQJIthrDVGHILQHGE\(TXLVSUHIHUUHGZLWKOW\SLFDOO\DVVLJQHGDYDOXHRI




6WDUWLQJDWWKHzSRVLWLRQFRUUHVSRQGLQJWRWKHQR]]OHWLSZHWKHQVFDQIURPERWKORZxDQG
KLJKxWRGHWHUPLQHWKHILUVWORFDWLRQLQHDFKFDVHZKHUHWKHDFWXDOJUH\OHYHOH[FHHGVIthr7KLV
GHWHUPLQHVWKHORFXVRIWKHPHOWSOXPHDWWKLVzSRVLWLRQZKHUHLQZHPRYHSL[HOGRZQZDUGV
LQzDQGUHSHDWWKHSURFHVVEXLOGLQJXSWKHHQWLUHORFXVRIWKHPHOWSOXPH7KHGRZQZDUGVFDQ
RI WKH IUDPH LV WHUPLQDWHG DW WKHSRLQWZKHUHQRSL[HOV H[FHHG WKH Ithr JUH\ OHYHOZLWK WKH
SURFHGXUHWKHQEHLQJUHSHDWHGIRUWKHQH[WIUDPHLQWKHYLGHRVHTXHQFH

)LJXUHVKRZVDW\SLFDOIUDPHIUDPHQXPEHUt V,QSDUWDRIWKH)LJXUH
ZHVKRZWKHIUDPHDVFDSWXUHGLQSDUWEWKHVDPHIUDPHZLWKWKHORFXVRIWKHPHOWSOXPHDV
LGHQWLILHGE\WKHURXWLQHVXSHULPSRVHGLQUHGIRUO DQGLQJUHHQIRUO ,QERWKFDVHV
LW LV HYLGHQW WKDW WKH URXWLQH LGHQWLILHV WKH ORFDWLRQRI WKHRXWHU HQYHORSHRI WKHSOXPH LQD
UHOLDEOHPDQQHUZLWKO SLFNLQJRXWWKHFHQWUDOUHJLRQRIWKHSOXPHDQGO WHQGLQJ
WRLQFOXGHPRUHRIWKHSHULSKHUDOVSUD\VWUHDPLQJRIIIURPWKHFHQWUDOSOXPH+RZHYHULWLV
DOVRHYLGHQWWKDWWKHUHDUHVRPHGDUNHUDUHDVLQVLGHWKHLGHQWLILHGORFXVDOWKRXJKDWWKHPRPHQW
ZHVHHNWRLGHQWLI\RQO\WKHRXWHUHQYHORSHRIWKHSOXPHDQGGRQRWFRQFHUQRXUVHOYHVZLWK
FKDUDFWHUL]LQJWKHVWUXFWXUHZLWKLQWKHSOXPH

7KH SOXPH JHRPHWU\ VKRZV D FRQVWULFWLRQ UHIHUUHG WR VRPHWLPHV ZLWKLQ WKH DWRPL]DWLRQ
OLWHUDWXUHDVWKHWKURDWVRPHZKDWEHORZWKHQR]]OHRXWOHW)RUWKHIUDPHVKRZQWKLVLVDURXQG
PPQR]]OHGLDPHWHUVEHORZWKHWLSZKHUHWKHSOXPHZLGWKLVDPLQLPXPRIPP
QR]]OHGLDPHWHUVIRUO RUPPQR]]OHGLDPHWHUVIRUO 7KHSOXPH
ZLGWKVXEVHTXHQWO\RSHQVXSDVLWSURJUHVVHVIXUWKHUGRZQVWUHDPHYHQWXDOO\UHDFKLQJDQHDU
VWHDG\YDOXHEHIRUHGHWHFWLRQLVORVWZKLFKLVLQGLFDWHGDVDFORVLQJRIWKHGHWHFWHGSOXPHORFXV
,QWKHDQDO\VLVSUHVHQWHGEHORZZHKDYHH[WUDFWHGWKHZLGWKRIWKHSOXPHDWWKHFRQVWULFWLRQ
SRLQWDQGWKHzFRRUGLQDWHRIWKHFRQVWULFWLRQDVWZRXVHIXOSDUDPHWHUVZKLFKPD\EHXVHGWR


XQGHUVWDQGWKHIORZ7KHORFDWLRQRIWKHWKURDWLVQRWIRXQGWRVHQVLWLYHWRO7KHDEVROXWHYDOXH
RI WKH WKURDW GLDPHWHU GHWHFWHG GRHV YDU\ VRPHZKDW ZLWK O DQG KHUH ZH UHSRUW YDOXHV
GHWHUPLQHGZLWKO +RZHYHU WKHWUHQGVIRXQGHJ WKHZD\LQZKLFKWKURDWGLDPHWHU
FRUUHODWHVZLWKPHDVXUHGRSWLFDOLQWHQVLW\ZLWKLQWKHSOXPHDUHQRWVHQVLWLYHWRWKHFKRLFHRI
O


)LJXUH7\SLFDOIUDPHIURPWKHKLJKVSHHGILOPLQJRIWKHPHOWSOXPHGXULQJJDVDWRPLVDWLRQVKRZLQJDWKH
ORFDWLRQRIWKHVDPSOLQJZLQGRZmSL[HOVEHORZWKHQR]]OHDQGLWVZLGWKwEWKHIUDPHDVFDSWXUHGDQGF
ZLWKWKHRXWOLQHRIWKHSOXPHDVGHWHUPLQHGE\WKHDXWRPDWHGSOXPHGHWHFWLRQURXWLQHIRUO LQQHUDQGO 
RXWHU

1HDU1R]]OH0HOW$FFXPXODWLRQ
+DYLQJLGHQWLILHGWKHORFDWLRQRIWKHWKURDWUHJLRQDQGWKHRXWHUORFXVRIWKHSOXPHHQYHORSH
RQHILQDOFDOFXODWLRQLVSHUIRUPHG7KHSL[HOVLQVLGHWKHHQYHORSHDERYHWKHWKURDWWKHUHJLRQ
VKDGHG LQ )LJXUH  DUH VXPPHG LQ RUGHU WR FDOFXODWH WKH FXPXODWLYH RSWLFDO LQWHQVLW\ IRU
PDWHULDOLQWKHUHJLRQEHWZHHQWKHQR]]OHDQGWKURDW$VDERYHWKLVLVWDNHQDVDSUR[\IRUWKH
DPRXQWRIPDWHULDOLQWKLVUHJLRQ



5HVXOWV
0HOW3OXPH9HORFLW\
7KHWLPHUHVROYHGYHORFLW\RIWKHPDWHULDOLQWKHSOXPHLVVKRZQLQ)LJXUHIRUWZRYDOXHVRI
m m     PP EHORZ WKH QR]]OH WLS WKH ORFDWLRQ ZKHUH WKH UHIHUHQFH EULJKWQHVV LV
PHDVXUHGVKRZQLQEOXHDQGm PPEHORZWKHQR]]OHWLSVKRZQLQUHG)RUUHIHUHQFH
WKHJUH\UHJLRQVVKRZQRQ)LJXUHLQGLFDWLQJSHULRGVRIORZIORZKDYHEHHQWUDQVSRVHGRQWR
)LJXUH7KDWLVWKHKLJKOLJKWHGUHJLRQVVKRZQLQ)LJXUHDQGLQVXEVHTXHQWILJXUHVDUH
GHULYHG IURP WKH GDWD VKRZQ LQ )LJXUH  DQG DUH LQGLFDWLYH RI SHULRGV RI ORZ PHOW IORZ
DOORZLQJIRUGLUHFWFRPSDULVRQZLWKWKHPHOWIORZUDWH$QXPEHURIIHDWXUHVDUHZRUWK\RI
QRWH)LUVWO\DQGSHUKDSVPRVWREYLRXVO\WKHUHLVDYHU\VWURQJFRUUHODWLRQEHWZHHQWKHYROXPH
RIPDWHULDODWWKHPHOWQR]]OHDQGWKHIORZYHORFLW\PHDVXUHGDWWKLVORFDWLRQEOXHFXUYHLQ
)LJXUHZLWKWKHFRUUHODWLRQFRHIILFLHQWIRUWKHWZRGDWDVHWVEHLQJ,QSDUWLFXODUWKH
SHULRGVRIORZIORZYROXPHDOVRFRUUHVSRQGWRSHULRGVRIDEQRUPDOO\ORZIORZYHORFLW\ZLWKLQ
WKHSOXPHDVVKRZQE\WKHFRLQFLGHQFHRI ORZIORZYHORFLW\ZLWKWKHVKDGHGUHJLRQVIURP
)LJXUH7KHDYHUDJH IORZYHORFLW\ LQ WKHVKDGHG UHJLRQV LVPV FRPSDUHGZLWKDQ
DYHUDJHRIPVRXWVLGHRIWKHVHUHJLRQV

7KHVHFRQGVWULNLQJIHDWXUHRIWKHUHVXOWVVKRZQLQ)LJXUHLVWKHH[WHQWWRZKLFKWKHHVWLPDWHG
IORZYHORFLW\KDVGURSSHGE\m PPGRZQVWUHDPRIWKHQR]]OHWLS0RUHVSHFLILFDOO\
IRUWKRVHWLPHVDWZKLFKWKHIORZYHORFLW\ZDVKLJKQHDUWKHQR]]OHWLSWKHYHORFLW\KDVGURSSHG
VLJQLILFDQWO\W\SLFDOO\IURP±PVWR±PV&RQYHUVHO\IRUWKRVHWLPHVDWZKLFK
WKHYHORFLW\ZDVDOUHDG\ORZQHDUWKHQR]]OHWLSWKHYHORFLW\UHPDLQVDOPRVWFRQVWDQWDW±
PVVXFKWKDWDWm WKHWHPSRUDOYDULDWLRQLQYHORFLW\LVDOPRVWHOLPLQDWHG




)LJXUH9HUWLFDOFRPSRQHQWRIYHORFLW\RIWKHPHOWSOXPHPHDVXUHGDWm PPXSSHUFXUYHDQGm 
 PP ORZHUFXUYHEHORZ WKHPHOWQR]]OH9HUWLFDOJUH\EDUVDUHDGRSWHG IURP)LJXUHDQGUHSUHVHQW
SHULRGVRIORZPHDQJUH\OHYHOORZPHOWIORZUDWH

7KLVVSDWLDOYDULDWLRQLQYHORFLW\LVH[SORUHGLQPRUHGHWDLOLQ)LJXUHLQZKLFKZHVKRZWKH
YHORFLW\DVDIXQFWLRQRIGLVWDQFHGRZQVWUHDPDYHUDJHGRYHUWZRVKRUWWLPHSHULRGVHDFKRI
ZKLFKFRUUHVSRQGV WRDQ LQWHUYDORI IUDPHV V2QHRI WKHVHFHQWHUHGRQ IUDPH
QXPEHUt VFRUUHVSRQGVWRDQLQWHUYDORIKLJKPHOWIORZWKHRWKHUFHQWHUHGRQ
IUDPH QXPEHU  t    V FRUUHVSRQGLQJ WR DQ LQWHUYDO RI ORZ PHOW IORZ )RU
FRPSDULVRQWKHVSDWLDOO\UHVROYHGYHORFLW\DYHUDJHGRYHUDOOIUDPHVLVDOVRVKRZQ,Q
WKHKLJKIORZUHJLPHWKHYHORFLW\GURSVHVVHQWLDOO\OLQHDUO\ZLWKGLVWDQFHGRZQVWUHDPIRUWKH
ILUVWPPRUVRWKHUHDIWHUUHPDLQLQJDSSUR[LPDWHO\FRQVWDQWXQWLOWKHSOXPHEHFRPHVWRR
IDLQWWRUHVROYH,QFRQWUDVWLQWKHORZIORZUHJLPHDVLVDOUHDG\DSSDUHQWIURP)LJXUHWKH
YHORFLW\ LV ORZ WKURXJKRXW LWV GRZQVWUHDP SDVVDJH ZLWK DQ\ LQLWLDO GHFUHDVH LQ YHORFLW\
UHVWULFWHG WR WKH ILUVWPPRU VRGRZQVWUHDP IURP WKHQR]]OH$V WKHDWRPL]HU VSHQGV WKH
PDMRULW\RILWVWLPHLQWKHKLJKPHOWIORZFRQGLWLRQWKHDYHUDJHRYHUDOOIUDPHVLVGRPLQDWHG
E\DQGWKXVFORVHO\UHVHPEOHVWKHKLJKIORZUDWHFXUYH
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)LJXUH7LPHDYHUDJHGYHORFLW\DVDIXQFWLRQRISRVLWLRQZLWKWKHDWRPLVHULQWKHKLJKIORZGLDPRQGVDQGORZ
IORZFLUFOHVFRQGLWLRQV,QHDFKFDVHWKHDYHUDJHLVGHWHUPLQHGRYHUFRQVHFXWLYHIUDPHV$OVRVKRZVTXDUHV
LVWKHJOREDODYHUDJHRYHUDOOIUDPHV

0HOW3OXPH*HRPHWU\
7KHPLQLPXPGLDPHWHURIWKHFRQVWULFWLRQRUWKURDWLQWKHPHOWSOXPHDVDIXQFWLRQRIWLPH
LVVKRZQLQ)LJXUHDQGLWVFRUUHVSRQGLQJSRVLWLRQLQ)LJXUH$VSUHYLRXVO\WKHVKDGHG
UHJLRQVRQWKHILJXUHVLQGLFDWHSHULRGVRIORZPHOWIORZDVGHWHUPLQHGIURP)LJXUH7KH
GDWDLVREWDLQHGEDVHGRQDUHODWLYHWKUHVKROGLQWHQVLW\GHWHUPLQHGRQDIUDPHE\IUDPHEDVLV
DFFRUGLQJWR(TXZLWKDYDOXHRIO $VVXFKWKHDYHUDJHRSWLFDOLQWHQVLW\JUH\OHYHO
ZLWKLQWKHIUDPHVKRXOGQRWELDVWKHWKURDWGHWHUPLQDWLRQ,WLVFOHDUIURP)LJXUHWKDWWKURDW
GLDPHWHU FRUUHODWHV ZHOO ZLWK WKH HVWLPDWHG PHOW IORZ UDWH DV GHWHUPLQHG IURP WKH RSWLFDO
LQWHQVLW\QHDUWKHPHOWGHOLYHU\QR]]OHZLWKSHULRGVRIORZIORZFRUUHVSRQGLQJWRWLPHVGXULQJ
ZKLFKWKHWKURDWLVDWLWVQDUURZHVW6SHFLILFDOO\IRUWKHSHULRGVVKRZQVKDGHGLQ)LJXUHWKH
DYHUDJHWKURDWGLDPHWHULVPPFRPSDUHGZLWKDQDYHUDJHGXULQJWKHUHVWRIWKHILOPLQJ
SHULRGRIPP7KHOLQHDUFRUUHODWLRQFRHIILFLHQWEHWZHHQWKHGDWDIRURSWLFDOEULJKWQHVV
DQGWKURDWGLDPHWHULV
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)LJXUH'LDPHWHURIWKHWKURDWUHJLRQRIWKHPHOWSOXPH9HUWLFDOJUH\EDUVDUHDGRSWHGIURP)LJXUHDQG
UHSUHVHQWSHULRGVRIORZPHDQJUH\OHYHOORZPHOWIORZUDWH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
)LJXUH/RFDWLRQRIWKHWKURDWUHJLRQRIWKHPHOWSOXPHPHDVXUHGGRZQZDUGVIURPWKHPHOWQR]]OHRXWOHW
9HUWLFDOJUH\EDUVDUHDGRSWHGIURP)LJXUHDQGUHSUHVHQWSHULRGVRIORZPHDQJUH\OHYHOORZPHOWIORZUDWH

&RQYHUVHO\ ZLWK UHIHUHQFH WR )LJXUH  LW DSSHDUV WKDW WKH WKURDW SRVLWLRQ PHDVXUHG LQ
GLVWDQFHGRZQVWUHDPIURPWKHQR]]OHWLSLVLQYHUVHO\FRUUHODWHGZLWKWKHHVWLPDWHGPHOWIORZ
UDWH ZLWK WKH WKURDW EHLQJ IXUWKHU GRZQVWUHDP GXULQJ SHULRGV RI ORZ IORZ 7KH DYHUDJH
GRZQVWUHDPGLVWDQFHRIWKHWKURDWGXULQJSHULRGVRIORZIORZLVPPFRPSDUHGZLWK
PPGXULQJWKHUHVWRIWKHILOPLQJSHULRG7KHOLQHDUFRUUHODWLRQFRHIILFLHQWEHWZHHQWKHGDWD
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
IRURSWLFDOEULJKWQHVVDQGWKURDWSRVLWLRQLV)RUERWKWKHWKURDWGLDPHWHUDQGWKURDW
SRVLWLRQZHQRWHWKDWWKHFRUUHODWLRQZLWKWKHRSWLFDOEULJKWQHVVGDWDLVVRPHZKDWZHDNHUWKDQ
LVWKHFDVHIRUWKHYHORFLW\GDWDDOWKRXJKZHDOVRQRWHWKDWDOODUHVWDWLVWLFDOO\VLJQLILFDQW,Q
IDFWIRUVXFKDODUJHGDWDVHW1!DQ\FRUUHODWLRQFRHIILFLHQWH[FHHGLQJZRXOGEH
FRQVLGHUHGVLJQLILFDQWDWWKHVLJQLILFDQFHOHYHOEDVHGRQDRQHWDLOHGWHVW

1HDU1R]]OH0HOW$FFXPXODWLRQ
)LJXUHVKRZVWKHFXPXODWLYHRSWLFDO LQWHQVLW\IRU WKHPDWHULDO LQ WKHSOXPHEHWZHHQWKH
QR]]OHDQGWKHWKURDW7KHJHQHUDOWHQGHQF\LVIRUWKHFXPXODWLYHLQWHQVLW\LQWKLVUHJLRQWREH
ORZZKHQWKHPHOWIORZLVORZ,QGHHGWKHUHLVDYHU\KLJKGHJUHHRIVLPLODULW\EHWZHHQ)LJXUH
VKRZLQJWKHWRWDODPRXQWRIPDWHULDOLQWKHQR]]OHWKURDWUHJLRQDQG)LJXUHVKRZLQJWKH
RXWIORZIURPWKHQR]]OH+RZHYHULQWKHORZIORZUHJLRQVWKHFXUYHIRUWKHDFFXPXODWLRQRI
PDWHULDO)LJXUHW\SLFDOO\OHDGVWKHFXUYHIRUIORZUDWH)LJXUHE\PV
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
)LJXUH&XPXODWLYH LQWHQVLW\ VXPRISL[HO LQWHQVLWLHV IRU DOOSL[HOV LQ WKHZDNHUHJLRQGHILQHGDVEHLQJ
EHWZHHQWKHPHOWQR]]OHRXWOHWDQGWKHWKURDW9HUWLFDOJUH\EDUVDUHDGRSWHGIURP)LJXUH
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'LVFXVVLRQ
7KHUHVXOWVREWDLQHGPD\EHVXPPDUL]HGWKXV
x 7KHJDVDWRPL]HUVWXGLHGFDQEHVKRZQWREHXQGHUJRLQJSXOVDWLRQWKDWLVWKHYROXPH
RIPHOWLQVWDQWDQHRXVO\EHLQJGHOLYHUHGWRWKHQR]]OHWLSLVXQGHUJRLQJODUJHDPSOLWXGH
FKDRWLFYDULDWLRQ
x 'XULQJSHULRGVRIKLJKPHOWIORZWKHYHORFLW\RIPDWHULDOLQWKHPHOWSOXPHLVRIWKH
RUGHURIPVDVLWLVVWULSSHGRIIWKHQR]]OHWLSGURSSLQJWRDURXQGPVDWD
GLVWDQFH RI  PP GRZQVWUHDP IURP WKH QR]]OH 7KHUHDIWHU WKH YHORFLW\ LV
DSSUR[LPDWHO\FRQVWDQWXQWLOWKHSOXPHFHDVHVWREHYLVLEOH
x 'XULQJ WKHVH SHULRGV RI KLJK PHOW IORZ WKH PHOW SOXPH KDV D ZHOOGHYHORSHG
FRQVWULFWLRQ RU WKURDW ZKLFK LV RQ DYHUDJH  PP LQ GLDPHWHU DQG  PP
GRZQVWUHDPRIWKHQR]]OHWLS
x 'XULQJSHULRGVRIORZPHOWIORZWKHYHORFLW\RIPDWHULDODVLWLVVWULSSHGRIWKHQR]]OH
WLSLVRIWKHRUGHURIPVDYHORFLW\ZKLFKUHPDLQVPRUHRUOHVVFRQVWDQWDVWKH
PDWHULDOPRYHVGRZQVWUHDP
x 'XULQJ WKHSHULRGRI ORZPHOW IORZWKH WKURDW LQ WKHPHOWSOXPH LVQDUURZHUDQGLWV
DYHUDJHLVIXUWKHUGRZQVWUHDPZLWKWKHPHDQWKURDWGLDPHWHUEHLQJPPDQGLWV
DYHUDJHORFDWLRQEHLQJPPEHORZWKHQR]]OHWLS

7KHUHVXOWVZLWKUHVSHFWWRWKHUHODWLRQVKLSEHWZHHQPHOWYHORFLW\WKURDWGLDPHWHUDQGWKURDW
SRVLWLRQDOODVDIXQFWLRQRIRSWLFDOEULJKWQHVVZKLFKLVKHUHWDNHQDVDSUR[\IRUWKHYROXPH
IORZUDWHRIWKHPHWDODUHVXPPDUL]HGLQ)LJXUH(DFKRIWKHWKUHHFXUYHVLQ)LJXUHKDV
EHHQREWDLQHGE\SHUIRUPLQJQRQOLQHDUUHJUHVVLRQRYHUDOOPHDVXUHPHQWVDQGSORWWLQJ
WKH UHVXOWLQJ WUHQGV OLQHV WR UHSUHVHQW WKH DYHUDJHGHSHQGHQFHXSRQRSWLFDO EULJKWQHVV2XU
FRQWHQWLRQLVWKDWDOORIWKHVHREVHUYDWLRQVDUHFRQVLVWHQWZLWKWKHSK\VLFDOPHFKDQLVPJLYLQJ


ULVH WR SXOVDWLRQ EHLQJ DQ RVFLOODWLRQ EHWZHHQ WKH RSHQ DQG FORVHGZDNH FRQGLWLRQV
6SHFLILFDOO\WKHFORVHGZDNHLVWHUPLQDWHGE\D0DFKGLVNDVKRFNVWUXFWXUHDWZKLFKWKHJDV
YHORFLW\ LV UHGXFHG &RQVHTXHQWO\ PHOW SDVVLQJ WKURXJK WKH FORVHGZDNH PD\ ZHOO EH
WUDYHOOLQJ PRUH VORZO\ WKDQ WKDW SDVVLQJ WKURXJK WKH RSHQZDNH DV LQ WKH FORVHGZDNH
FRQGLWLRQ WKH PHOW PXVW H[LW WKH UHFLUFXODWLRQ ]RQH WKURXJK WKH 0DFK GLVN ZKHUHLQ LW LV
GHFHOHUDWHG0RUHRYHULWLVFOHDUWKDWZLWKUHIHUHQFHWR)LJXUHWKHSUHVHQFHRIWKH0DFK
GLVNLQWKHFORVHGZDNHFRQGLWLRQFDXVHVWKHFRQVWULFWLRQDWWKHWHUPLQDWLRQRIWKHUHFLUFXODWLRQ
]RQHWRQDUURZDQGPRYHIXUWKHUGRZQVWUHDP

:KLOH)LJXUHLVVWULFWO\YDOLGLQWKHFDVHRIJDVRQO\IORZWKHGDWDSUHVHQWHGKHUHDSSHDUVWR
LQGLFDWHWKDWVRPHFOHDUYHVWLJHRIWKHVHVWUXFWXUHVDUHDEOHWRVXUYLYHWKHSDVVDJHRIWKHPHOW
WKURXJK WKH UHFLUFXODWLRQ]RQH$VVXFKZHFRQWHQG WKDW LW LVSHUIHFWO\YDOLG WRGLVFXVV WKH
SUHVHQFHRI ERWK WKHRSHQ DQG FORVHGZDNH GXULQJ WZRSKDVH IORZ LQ D FORVHFRXSOHGJDV
DWRPL]HU7KHIHDWXUHVDVVRFLDWHGZLWKWKHFORVHGZDNHVHHPWRFRUUHODWHZHOOZLWKSHULRGVRI
ORZPHOWIORZLQWKHDWRPL]HUDQGWKDWFRQYHUVHO\WKHIHDWXUHVDVVRFLDWHGZLWKWKHRSHQZDNH
VHHPWRFRUUHODWHZHOOZLWKSHULRGVRIKLJKPHOW IORZ0RUHRYHU WKH WRWDOTXDQWLW\RIPHOW
FRQWDLQHGZLWKLQWKHZDNHUHJLRQGHILQHGKHUHDVWKHUHJLRQEHWZHHQWKHQR]]OHDQGWKHWKURDW
DOVRFRUUHODWHVZHOOZLWKWKHPHOWIORZUDWHIURPWKHQR]]OH+RZHYHUWKHPHOWIORZUDWHODJV
WKHWRWDOTXDQWLW\RIPHOWE\EHWZHHQPV:HVXJJHVWWKDWLIWKHORZHULQJRIWKHPHOWIORZ
UDWH LVGXH WR WKHKLJKEDFNSUHVVXUHH[HUWHGE\ WKHFORVHGZDNHFRQGLWLRQ WKH ODJPD\EH
H[SODLQHGE\DQDFFXPXODWLRQRIPHOWLQWKHZDNHUHJLRQFDXVLQJWKHGLVUXSWLRQRIWKHFORVHG
ZDNHDVILUVWSURSRVHGE\7LQJHWDO2QFHWKHFORVHGZDNHZHUHGLVUXSWHGWKHEDFN
SUHVVXUHZRXOGGURSDQGWKHPHOWIORZUDWHZRXOGLQFUHDVHJLYLQJDQDWXUDOH[SODQDWLRQIRU
WKHREVHUYHGODJ
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)LJXUH  %HVW HVWLPDWH EDVHG XSRQ UHJUHVVLRQ DQDO\VLV RI WKH SOXPH YHORFLW\ WKURDW GLDPHWHU DQG WKURDW
SRVLWLRQDVDIXQFWLRQRIPHDQJUH\OHYHOWKURXJKDZLQGRZORFDWHGSL[HOVEHORZWKHQR]]OHRXWOHWWDNHQKHUH
DVDSUR[\DUELWUDU\XQLWVIRUWKHPHOWIORZUDWH

&RQVHTXHQWO\ZHFRQWHQGWKDWXQOLNHWKHDVVHUWLRQRI0DWHVDQG6HWWOHVDEWKH
FORVHGZDNHFRQGLWLRQFDQH[LVWGXULQJWKHDWRPL]DWLRQRIDVHFRQGIOXLGLQWKHFORVHFRXSOHG
DWRPL]DWLRQ FRQILJXUDWLRQ DQG WKDW DOWHUQDWLRQ EHWZHHQ WKH RSHQ DQG FORVHGZDNH
FRQILJXUDWLRQ LV LQWLPDWHO\ UHODWHG WR WKH PHOW SXOVDWLRQ SKHQRPHQRQ REVHUYHG GXULQJ
DWRPL]DWLRQ7KLV VXJJHVWVSRVVLEOH OLQHVRI HQTXLU\ LQ WKHGHYHORSPHQWRIJDVDWRPL]DWLRQ
HTXLSPHQW6SHFLILFDOO\LIWKHZDNHFRQGLWLRQFRXOGEHVWDELOL]HGSXOVDWLRQFRXOGEHUHGXFHG
ZKLFK VKRXOG LQ WXUQ OHDG WR D QDUURZHU SRZGHU VL]H GLVWULEXWLRQ 7KLV SDSHU SUHVHQWV D
PHWKRGRORJ\E\ZKLFKWKHVWDELOLW\RIWKHZDNHFRQGLWLRQFDQEHPHDVXUHGGXULQJWZRSKDVH
IORZ DQG KHQFH E\ ZKLFK GHVLJQ PRGLILFDWLRQ FDQ EH DVVHVVHG (YHQ ZLWKLQ H[LVWLQJ
DWRPL]DWLRQWHFKQRORJ\VPDOOFKDQJHVLQWKHDWRPL]HUFRQILJXUDWLRQFDQDOWHUWKHZDNHFORVXUH
SUHVVXUHE\DOPRVWDIDFWRURI0RWDPDQHWDODQGDVIDUDVZHDUHDZDUHWKHUHODWLYH
VWDELOLW\RIWKHFORVHGZDNHDVDIXQFWLRQRIZDNHFORVXUHSUHVVXUHDQGKHQFHWKH36'KDYH
QRWEHHQLQYHVWLJDWHG
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